DNA helicases are motor proteins that play essential roles in DNA replication, repair and recombination. In the replicative hexameric helicase, the fundamental reaction is the unwinding of duplex DNA; however, our understanding of this function remains vague due to insufficient structural information. Here, we report two crystal structures of the DnaB-family replicative helicase from Geobacillus kaustophilus HTA426 (GkDnaC) in the apo-form and bound to single-stranded DNA (ssDNA). The GkDnaC-ssDNA complex structure reveals that three symmetrical basic grooves on the interior surface of the hexamer individually encircle ssDNA. The ssDNA-binding pockets in this structure are directed toward the N-terminal domain collar of the hexameric ring, thus orienting the ssDNA toward the DnaG primase to facilitate the synthesis of short RNA primers. These findings provide insight into the mechanism of ssDNA binding and provide a working model to establish a novel mechanism for DNA translocation at the replication fork.
INTRODUCTION
DNA replication is a complicated process that requires a protein machine known as the replisome, comprising a DNA polymerase, a replicative helicase and a DNA primase (1, 2) . During DNA replication the leading strand is directly synthesized by DNA polymerase, whereas on the lagging strand the primase interacts with the hexameric helicase to synthesize short RNA primers (3, 4) that are used to generate Okazaki fragments that are essential for the progression of the replication fork (5) . The most widely studied replication system is that of Escherichia coli, which contains the DnaB replicative helicase and the DnaG primase. DnaG is a specific singlestranded DNA-dependent RNA polymerase (5, 6) , and DnaB is a multifunctional ATPase that catalyzes the unwinding of double-stranded DNA (dsDNA) into single-stranded DNA (ssDNA) intermediates to provide ssDNA templates for the polymerases at the chromosomal replication forks (7) .
DnaB binds transiently with DnaG and thereby limits the size of the nascent primers to $9-14 nt (8) . During lagging strand synthesis, this cyclic association of DnaG with DnaB is an important driving force to initiate a new cycle of Okazaki fragment synthesis and to terminate preceding fragment synthesis (9) . This key event, however, does not always occur in other organisms. For example, the bacteriophage T7 gene 4 protein contains both DNA helicase and primase activies (10) . In addition, in Bacillus stearothermophilus the helicase-primase interaction may not be transient, as was shown to be the case in E. coli (11) .
In Gram-positive bacteria, such as Bacillus subtilis, the replicative hexameric helicase is named DnaC (12) . Notably, DnaC in E. coli is a helicase loader protein rather than a helicase. DnaC and DnaG from B. subtilis were identified by their amino-acid sequence similarity to their E. coli counterparts (12) . However, a number of Gram-positive bacterial proteins related to the loading of the replicative helicase differ from those of E. coli (13) . Furthermore, unlike in E. coli where the replisome forms a dynamic complex, the B. subtilis replisome can assemble into a stable complex (14) , indicating that the DNA-replication mechanisms of the Gram-positive B. subtilis may be similar, but not identical to, those of the Gram-negative E. coli. Therefore, determining the differences in the molecular mechanisms of DNA replication between different organisms will assist in understanding the structure-function relationships of replicative helicases.
From a structural point of view, the replicative helicases can adopt various oligomeric states, including monomers, dimers, hexamers and heptamers (10) . All helicases share several common biochemical properties, including nucleic acid binding, nucleoside triphosphate (NTP) binding and hydrolysis and NTP hydrolysis-dependent unwinding of duplex nucleic acids (15) . The three-dimensional structure of all helicases reveals at least one conserved domain, called the RecA-like fold, first found in the crystal structure of RecA (16) . Recently, the three-dimensional structures of the DnaB-family helicases, T7 gp4, B. stearothermophilus DnaB (BstDnaB), papillomavirus E1 helicase and B. subtilis G40P, have been determined by X-ray crystallography (17) (18) (19) (20) . All of these enzymes assemble into a ring-shaped hexameric structure. Among these crystal structures, the E1 helicase is the only one to have been determined in complex with ssDNA and ADP. The structure of this complex demonstrates that the DNA-binding hairpins of each subunit form a spiral 'staircase' to interact with the ssDNA backbone (20) . However, Bailey et al. (21) have pointed out that the ssDNA-binding mechanisms of bacterial DnaB and the E1 helicase may differ because the E1 protein uses different regions of its RecAlike domain for hexamer formation and DNA binding. Furthermore, all characterized superfamily 3 members (including the E1 helicase) display 3 0 -5 0 polarity, but it is believed that the DnaB-like family unwinds the DNA in a 5 0 -3 0 direction (7, 22, 23) . Despite a common structure/function mechanism for all replicative helicases, it remains intriguing why the helicases of different species might involve different mechanisms of helicase-ssDNA formation. In addition, it is believed that most hexameric helicases exhibit a higher affinity for ssDNA than for dsDNA (24) (25) (26) (27) . To generate a mechanistic ssDNA-binding model for DnaB-like helicases, it is thus important to elucidate the structure of the DnaB-ssDNA complex. In this study, we present the crystal structures of the DnaB-family protein of the eubacteria Geobacillus kaustophilus HTA426 DnaC (GkDnaC) in both the apo-GkDnaC form and as the GkDnaCssDNA complex with a 15-mer oligodeoxythymidylate (dT) 15 at 3.6 Å and 4.1 Å , respectively. We also investigated the nature of the GkDnaC-ssDNA interaction in structure-based mutational studies using surface plasmon resonance (SPR) analysis.
MATERIALS AND METHODS

Cloning, expression and purification
The gene GK3476 encoding the GkDnaC helicase was PCR-amplified from G. kaustophilus HTA426 genomic DNA using pfu polymerase (Stratagene). The forward (GGGAATTCCATATGCAACACCATTGGAAAGAG CTG) and downstream (CCCGCTCGAGTGATTCATC ACGGTATTTTTTCAGCC) primers were designed to incorporate unique NdeI and XhoI restriction sites, permitting the insertion of the amplified gene into the pET21b vector (Novagen) for protein expression in E. coli. The resultant plasmid, pET21b-GkDnaC, encoded the full-length wild-type GkDnaC helicase fused with a C-terminal His tag (LEHHHHHH). The DnaC mutants were generated according to the QuickChange mutagenesis protocol (Stratagene) using the pET-21b wild-type plasmid as the template. All mutant constructs were verified by DNA sequencing. Escherichia coli BL21(DE3) cells were transformed with these expression vectors and grown to OD 600 of 0.7 at 378C in Luria-Bertani medium containing 50 mg/ml ampicillin. Overexpression of wildtype and mutant GkDnaC constructs was induced with 1 mM isopropyl -D-thio-galactopyranoside for 3 h at 308C. The induced cells were harvested by centrifugation (3000 g) for 20 min at 48C, and resuspended in buffer A (20 mM Tris, 5 mM imidazole, 0.5 M NaCl, pH 7.9) before lysis at 110 MPa using a French press. The wild-type and mutant GkDnaC proteins were then purified from the soluble supernatant by Ni 2+ -affinity chromatography (HiTrap HP, Amersham Biosciences) followed by sizeexclusion chromatography (HiLoad 16/60 Superdex TM 200 preparation grade column, GE Healthcare). The purified proteins were collected and dialyzed against buffer B (20 mM HEPES, 100 mM NaCl, pH 7.0), and then concentrated to 6 mg/ml for further crystallizations and analyses. Protein purity remains greater than 95% as determined from Coomassie-stained SDS-PAGE (data not shown).
Crystallization, data collection and structure determination Initial crystallization screening for apo-GkDnaC was performed manually using the hanging-drop vapor diffusion method at 208C. The protein solution (1 ml, 6 mg/ml) was mixed with KAu(CN) 2 (0.2 ml, 1 mM) and 1 ml of reservoir solution for crystallization trials. Apo-GkDnaC crystals were grown reproducibly using a reservoir solution comprised of 1.3 M ammonium sulfate, 20% (v/v) glycerol, 5% (v/v) 1,4-dioxane and 0.1 M MES (pH 6.5). The apo-GkDnaC crystals were cryoprotected in 25% glycerol by quickly transferring the crystal directly from the hanging drop before data collection. GkDnaC was concentrated to 11 mg/ml in buffer B with 1-mM ATPgs and 2-mM MgCl 2 for complex preparation. The singlestranded 15-mer dT 15 was added to the protein solution at a molar ratio of 1:4 (DnaC monomer:dT 15 ). Prior to crystallization, the complex solution was further purified by Heparin HP column to remove the unbound protein.
Using the hanging drop vapor diffusion method at 208C, the complex crystals grew within 1 week after mixing 1 ml of the protein-ssDNA complex solution with 0.5 ml phenyl mercury acetate (CH 3 CO 2 HgC 6 H 5 ) and 1 ml of 80% reservoir solution containing 0.1 M MES (pH 6.5) and 1.2 M MgSO 4 . The DnaC-ss(dT 15 ) crystals grew as hexagonal pillars with dimensions of 0.3 mm Â 0.3 mm Â 0.4 mm. Before the crystals were flash frozen, 30% glycerol was used for dehydration trials. We used electrophoresis to confirm that both the protein and the ssDNA were present in the complex crystal (data not shown). All the crystal data were collected using an ADSC Quantum-315 CCD area detector at the synchrotron radiation X-ray source at Beamline 13B1 of the National Synchrotron Radiation Research Center in Taiwan. All data integration and scaling were performed using the HKL2000 package (28) . SOLVE (29) was used to locate the gold sites and determine the initial multiple-wavelength anomalous diffraction phases at 4.3 Å . The initial phases were extended and further improved to 4.1 Å by RESOLVE (30) . The native data set (3.6 Å ) was used for further refinement. XtalView (31) was used to examine electron density maps and for model building. Due to the limitations of crystal resolution, the side-chain orientation was built based on the higher-resolution structure of BstDnaB in complex with the HBD of DnaG (17) . The sequence identity between GkDnaC and BstDnaB is 96% (Supplementary Figure 2) . The model refinement and final analysis were performed with the program CNS (32). The final model had an R-factor of 29.3% for all reflections between 30Å and 3.6 Å resolution and an R free of 32.4%. The B-factor of the apo-GkDnaC structure was 167.6 Å 2 . The structure of GkDnaC bound to (dT) 15 was solved by the molecular replacement software MolRep (33) using the apo-GkDnaC structure as a template. Following minimization refinement with CNS, electron density corresponding to ssDNA was observed in both 2F o -F c and F o -F c maps. The nucleotides of the ssDNA molecule were gradually built as the map quality improved. Molecular dynamics refinement was performed using the program CNS with a 30-to 4.1-Å -resolution range, and 10% of the data was selected to calculate the R free factor to monitor refinement. The final structure was refined to an Rfactor of 30.2% and an R free of 37.4%. The B-factors were higher in the ssDNA (287 Å 2 ) than in the protein (180 Å 2 ). High B-factors for ssDNA have also been observed in other low-resolution structures (34) (35) (36) . The Ramachandran plots (37) for both structures did not violate accepted backbone torsion angles. The data collection and structure refinement statistics are listed in Table 1 . The PyMol (38) program was used to generate the figures. The atomic coordinates of apo-GKDnaC and ssDNA complex of GKDnaC have been deposited in the Protein Data Bank under accession codes 2VYF and 2VYE, respectively.
SPR
The ssDNA-binding experiments were carried out at 293K using a Biacore X apparatus (BIAcore) at 30 ml/min with running buffer that contained 10 mM HEPES (pH 7.4), 5 mM MgCl 2 , 25 mM NaCl and 0.1 mM ATPgs, with 0.1% Tween-20 to minimize nonspecific electrostatic attraction. A solution (200 nM) of 5 0 -biotinylated oligonucleotide comprising 30 thymidine residues (5 0 Bio-(dT) 30 ) in the running buffer was injected over a streptavidin-coated chip surface (Biacore SA chip) for 30 s to yield an increase of 350-resonance units (710 resonance units for the large ligand level) in one of two flow cells. The second flow cell was unmodified and served as a control. When required to remove the tightly bound proteins, regeneration of the flow cells was achieved with 10-s injections of 50 mM NaOH/1 M NaCl. Solutions containing the protein (wild-type and DnaC mutants) at concentrations of 20 nM to 3 mM were injected into the flow cells at 30 ml/min for 2 min. The equilibrium binding constant was estimated by fitting the equilibrium response values at different protein concentrations to the 1:1 Langmuir binding model using BIAevaluation software (BIAcore). Before fitting to the Langmuir model, binding data were corrected by subtraction of the control to account for simple refractive index differences. For concentration-response profiles that did not appear to be saturated within the experimental concentration range, the saturation levels were constrained to the maximal response value expected when the protein molecules bind to all immobilized DNA molecules at 1:1 stoichiometry. Experiments were repeated three times to estimate the uncertainty of the binding constant. The standard deviations of three repeated experiments were used to estimate the error.
RESULTS
Overall structure
We determined the crystal structures of the apo-form and the ssDNA-bound DnaC helicase of G. kaustophilus HTA426 (GkDnaC). The apo-GkDnaC structure was determined by the multiple-wavelength anomalous diffraction (MAD) method, and the phases were solved using an Au-derivative; the structure was refined to 3.6-Å resolution. The structure of the GkDnaC-ssDNA complex was solved using the apo-GkDnaC structure as a probe for molecular replacement and was refined to 4.1-Å resolution. Both crystals belong to the hexagonal space group P6 3 and share similar unit-cell parameters, as shown in Table 1 . Each asymmetric unit contains two GkDnaC molecules to form a dimer in the apo-GkDnaC crystal and one additional (dT) 15 oligonucleotide in the GkDnaC-ssDNA complex crystal. In the GkDnaCssDNA complex crystal, three dimers are crystallographically related and form an intact ring-shaped hexamer with 3-fold symmetry with three dT 15 oligonucleotides bound to the interior surface of the central channel ( Figure 1) . The shape and dimensions of this hexameric structure in a complex with ssDNA are similar to the structure of BstDnaB in the absence of ssDNA (17) . Briefly, the hexameric structure of the GkDnaC helicase forms a doublelayered ring structure, which contains an N-terminal domain (NTD) collar with 3-fold symmetry and a C-terminal domain (CTD) collar with a pseudo 6-fold symmetry.
As shown in Figure 1A , the full-length GkDnaC monomer is a two-domain protein that is topologically almost identical to other replicative hexameric helicases (21) . The GkDnaC monomer consists of two distinct functional domains: an N-terminal globular domain consisting of residues 1-152, and a C-terminal RecA-like domain. These two domains are connected by a long linker region (residues 153-192) containing one a-helix (a8, residues 163-178) flanked by two loops (residues 152-161 and 179-190). Structural comparison of the two monomers in the asymmetric unit reveals that the most significant structural variations occur in the linker region, and results in two distinct monomer conformations (Figure 2A) .
To analyze the structural deviations of GkDnaC from the G40P helicase and BstDnaB, these structures were superimposed. There is no obvious structural difference in the N-terminal regions of these proteins, indicating that ssDNA binding did not dramatically change the NTD conformation. However, comparison of the C-terminal regions of these molecules shows apparent differences in the linker regions ( Figure 3A ). In particular, the G40P linker orientation is distinct from that of other helicases. This difference may change the shape of the hexamer assembly and the orientation of the CTD toward the NTD, resulting in a smaller dimension of the central ssDNA-binding channel in G40P. To further examine the structural deviation caused by ssDNA binding, we superimposed the apo-GkDnaC and GkDnaC-ssDNA complex structures. Although the overall structure of these two molecules is similar, there are some structural discrepancies located in the loop regions that are involved in DNA binding, particularly in residues 321 to 335. The loops in this region are designated as Loop I(A) and Loop I(B) of subunit A and subunit B, respectively ( Figure 3B ). The DNA-binding loop I structure in the GkDnaC-ssDNA complex is different compared with the corresponding region in the apo-GkDnaC structure ( Figure 3C ). Unlike the apo-GkDnaC structure, the position of the Loop I(A) in the GkDnaC-ssDNA complex is close to 3 0 -end of the ssDNA. In addition, Loop I(B) of the GkDnaC-ssDNA complex also makes contact with the ssDNA, suggesting that both Loops I(A) and I(B) play important roles in stabilizing DNA binding.
The ssDNA-binding site on the hexameric ring To understand the molecular details of the interaction between the GkDnaC helicase and ssDNA, we studied the structure of GkDnaC in complex with a 15-mer oligodeoxythymidylate (dT) 15 . The (dT) 15 oligonucleotide was observed in the asymmetric unit (Figure 2A ). Due to the 3-fold symmetry in the crystal, there were three (dT) 15 oligonucleotides bound to the interior surface of the hexameric ring (Figure 1 ). It should be pointed out that the central channel of hexameric ring helicases only accommodates one unwound ssDNA molecule at a time in vivo (39-41). The NTD and the top region of the CTD comprise the ssDNA-binding site on the hexameric ring, and the ssDNA-binding pocket is formed by subunit A and B. Electrostatic analysis of the dimer surface in the asymmetric unit reveals a groove region with significant positive charge that potentially allows the ssDNA to bind through electrostatic interactions. This finding is consistent with the (dT) 15 -binding site in the GkDnaC-ssDNA complex structure, as shown schematically in Figure 2B . In addition, this basic groove extends from the NTD to the CTD almost parallel to the central axis.
In the general proposed mechanism, unwound dsDNA threads through the central hole from the CTD to the NTD in the 3 0 -5 0 direction (7). Previous studies have also indicated that the replicative DnaB helicase has two potential ssDNA-binding sites, 'strong' and 'weak', located at the NTD and CTD, respectively (42,43). However, the major binding sites were observed in the interior surface of the NTD collar in our GkDnaC-(dT) 15 complex structure. This may due to a weak affinity of the ssDNA for the CTD or steric constraints in the narrow central cavity of the CTD ring that preclude the approach of ssDNA.
GkDnaC-ssDNA interaction
Although we used (dT) 15 for crystallization, only 9-mer oligonucleotides were observed. The 9-mer ssDNA was seated on a surface-exposed basic pocket formed from two subunits in the asymmetric unit. Interestingly, this finding is generally consistent with previous data demonstrating that the E. coli DnaB hexamer could occlude a 20-mer ssDNA, but only 10-mer ssDNA was strongly protected against nuclease digestion (42) (43) (44) . Figure 2C presents details of the interaction between GkDnaC and ssDNA. The 5 0 -end of the ssDNA is directed toward the NTD collar, whereas the 3 0 -end is directed toward the CTD collar. Thymidine 1 (Thy1) through Thy6 interact mainly with the N-terminal collar, whereas Thy7 to Thy9 interact with the C-terminal collar. The 9-mer ssDNA forms a hook-like shape structure, and the base groups of Thy1 and Thy4 form base interactions. These interactions could further provide a force to stabilize the 5 0 -end of (dT) 15 . These insights into the protein-DNA interactions suggest that the basic residues from both the NTD and CTD are critical for ssDNA binding. The ammonium group of Lys50 makes a hydrogen bond with the ribose of Thy4. Arg117 interacts with the ribose of Thy7 and the phosphodiester linkage between Thy6 and Thy7 through hydrogen bonding and electrostatic interactions, respectively. Arg145 also interacts in the same manner with the ribose of Thy8 and the phosphate backbone of Thy9. Lys146 binds to the base of Thy7 via hydrogen bonding. In addition to hydrogen bond and electrostatic interactions, residues Gln41, Gln49, Glu78 and Gln79 form numerous van der Waals contacts with Thy3, Thy4 and Thy6, respectively ( Figure 2C ). In the CTD collar, Loop I(A) and Loop I(B) from both subunits buttress the 3 0 -end of ssDNA ( Figure 2D ). Two basic residues, Arg330 and Arg332, in these flanking loops function like a clamp to mediate the ssDNA binding via hydrogen bonds and a salt-bridge to the phosphate backbone. Notably, these ssDNA-binding loops are not observed in apo-GkDnaC and BstDnaB in the absence of ssDNA. In addition to Arg330 and Arg332, Arg344 is located at the CTD of subunit B and forms a hydrogen bond with the base of Thy 9.
Characteristics of GkDnaC bound to ssDNA
To further characterize the roles of the residues involved in protein-ssDNA interactions, we studied the effect of various mutations on the ability of GkDnaC to bind to ssDNA using SPR. A 5 0 -biotinylated oligonucleotide comprising 30 thymidine residues [5 0 Bio-(dT) 30 ] was used as the ligand for GkDnaC in these SPR experiments. Gel filtration chromatography results showed that all the mutants assembled into hexamers (data not shown). Based on the GkDnaC-ssDNA complex structure, we designed single mutants (K50A, R117A, R120A, R145A, R330A, R332A and R344A) and one double mutant (R145K146A) located at the ssDNA-binding site ( Figure 2D ). The SPR results at various GkDnaC concentrations in the presence of 0.1 mM nonhydrolyzable ATPgs are shown in Supplementary Figure 1 . The equilibrium binding isotherm of the wild-type and mutants of GkDnaC fit well to a 1:1 Langmuir binding mode. The dissociation constants (K d ) shown in Table 2 indicate that these positively charged residues located at the ssDNA-binding pocket significantly affect the interaction between the GkDnaC helicase and the ssDNA. The dissociation constants of these mutants are two to three orders of magnitude higher than that of the wild-type GkDnaC.
The role of flanked loops
Previous mutational and structural analyses show that there are three loops (Loop I, Loop II and Loop III) of the T7 gp4 helicase that are responsible for DNA binding (19, 45, 46) . Loop I and Loop II are structurally conserved in the RecA-like family (47) . We noted that Loops I, II and III are well ordered in both the apo-form and the ADPNP-bound complex structures of gp4 (19) . However, these loops are disordered and could not be observed in either the apo-GkDnaC (this work) or in the BstDnaB in complex with the helicase binding domain (HBD) of DnaG (17) . This phenomenon may due to a slightly different domain arrangement resulted in close contacts in the RecA-like domain of gp4 that stabilize the loop regions. This also causes the formation of a narrower central channel in gp4 than the channel that is observed in GkDnaC or BstDnaB. However, Loop I and part of Loop II in the GkDnaC-ssDNA complex are well defined in the electron density map. Loop I plays an important role in ssDNA binding in this study. We used structural superimposition to compare the loops of T7 gp4 with those of the GkDnaC-ssDNA complex. As shown in Figure 4A , Loop I of gp4 is superimposed over the corresponding loop I in the GkDnaC-ssDNA complex GkDnaC-ssDNA complex (gray) and the T7 gp4 helicase domain (gray). Loops I, II and III of T7 gp4 helicase are shown in red, yellow and blue, respectively. In addition, the DNA-binding Loop I(A) and Loop I(B) (green) observed in our complex structure fit well to Loop I of T7 gp4, whereas a short helix (pink) in the GkDnaCssDNA complex was found in the location of Loop II of T7 gp4. ssDNA is represented as sticks and is colored sky blue. (B) Comparison of the p-loop orientation from the GkDnaC-ssDNA complex (green), the G40P ATPase domain (yellow) and T7 gp4 (magenta) in the presence of the modeled nucleotide ADPNP (red) and apoGkDnaC (violet). (C) Synergistic effects between the modeled nucleotide (NTP) and ssDNA binding. The Walker A and Walker B motifs are colored in pale cyan and green, respectively. The NTP in the ATPbinding site is colored in red. structure with very little deviation observed, suggesting that the putative DNA-binding loops are flexible and that they may be involved in secondary conformational changes in the partial region upon ssDNA binding.
DISCUSSION
Nucleotide-binding site neighboring with DNA-interaction site
Universal features of the RecA-like domain include several conserved residues involved in the binding and hydrolysis of the NTP equivalent to the Walker A and B boxes of many ATPases, and an 'arginine finger' that participates in energy coupling (48, 49) . This RecA-like structure in superfamily 4 is defined by five conserved sequence motifs (H1, H1a, H2, H3 and H4) located in the C-terminal region of the protein (50) . Motifs H1 and H2 are equivalent to the Walker A and B motifs.
To investigate the synergistic effect between nucleotide and ssDNA binding in the hexameric helicase, we examined the local environment around the NTP-binding pocket. In this study, we found two conformations of the p-loop in the Walker A motif by superimposing DnaB-like helicases from several organisms, including GkDnaC, the G40P ATPase domain and bacteriophage T7 gp4 ( Figure 4B ). With the exception of apo-GkDnaC, all of these DnaB-like helicases were crystallized in the presence of a nucleotide. However, only bacteriophage T7 gp4 and the G40P ATPase domain show that a nucleotide is present in the ATP binding site (18, 19) . Surprisingly, in the presence of nucleotide the orientation of the p-loops in the GkDnaC-ssDNA complex is very similar to that of T7 gp4 and the G40P ATPase domain, whereas the p-loops in apo-GkDnaC are oriented in the opposite direction ( Figure 4B ). This finding suggests that the variable p-loop is a feature associated with nucleotide binding, and thus the p-loop orientation we observed in the complex structure may represent the ATP-bound state. In addition, the Walker B motif, H2, is associated with NTP binding in the RecA-like core (48) . Interestingly, our ssDNA-GkDnaC complex crystal structure reveals that loop I, part of the Walker B motif, adjoins the ATP-binding site with the bound ssDNA ( Figure 4C ). Therefore, we speculate that the orientation of the flanked DNA-binding loop I might be influenced by the Walker B motif upon NTP-binding. This may also explain why NTP binding enhances ssDNA binding (24, (51) (52) (53) (54) .
ssDNA binding mode
Prior to this study, papillomavirus E1 helicase (of superfamily 3) was the only replicative helicase whose structure had been solved in complex with ssDNA; the structure suggested a spiral 'staircase' model for interaction with the ssDNA backbone (20) . The directionality of translocation in superfamily 3 is 3 0 -5 0 . Unlike the E1 helicase, 5 0 -3 0 is the direction of translocation permitted in GkDnaC. Sequence analysis also showed that the identity between GkDnaC and E1 helicase is only 16% (Supplementary Figure 2B) . In addition, the hexamer channel in the E1 helicase at both the NTD and CTD collar is much narrower than that of eubacteria hexameric DnaB-like helicases belonging to the superfamily 4 helicases (18, 21) . As shown in Figure 5 , the central channel diameter of the E1 helicase is $13 Å , whereas GkDnaC has a wider central channel at the NTD collar ($50 Å ) and a narrower channel at the CTD collar ($20-30 Å ). It should be mentioned that several loop regions expected to be involved in ssDNA binding near the C-terminal channel of GkDnaC were too flexible to be reliably assigned, and therefore the exact dimensions of the CTD collar may be less than that we observed in the current structure. Also, the E1-ssDNA complex structure only showed 7-mer ssDNA from a 13-mer oligo-dT oligonucleotide in the C-terminal collar ( Figure 5 ). In contrast to ssDNA binding in the E1 helicase, the NTD collar and the top region of the CTD collar of GkDnaC were both involved in ssDNA binding. Because of these differences in overall architecture, low sequence identity, size of central hole and biochemical properties, the ssDNA-binding mechanism of eubacteria DnaB-like helicase in superfamily 4 maybe differ from that of the E1 helicase. However, due to the lack of biochemical evidence, we still cannot rule out that the mechanism of ssDNA binding and translocation in the replication fork may be similar to that of E1 helicase.
A model for ssDNA binding in the N-terminal region during DNA translocation
In the structure of the E1 helicase-ssDNA complex, the ssDNA forms a right-handed helical arrangement that interacts with the DNA-binding loops of the hexameric channel (20) . The structure of the T7 gene 4 helicase ring in complex with a nucleotide suggests that the ssDNA could form a spiral conformation to interact with the ssDNA-binding loops of the channel (19) . In addition, previous studies revealed that ssDNA passes through the central hole of the T7 gene 4 helicase ring with a contour length of $3 Å per nucleotide (24, 40) . This indicates that the conformation of the ssDNA in the channel primarily forms a helical shape. Therefore, we speculate that the ssDNA located at the central channel that is surrounded by the helicase domain also forms a right-handed helical arrangement in GkDnaC. The N-terminal region of DnaB is important for helicase activity and DNA-binding affinity (43, 55) . In addition, our GkDnaC-ssDNA complex structure shows that three ssDNA molecules are bound to the N-terminal DNA-binding sites. Hence, it is possible that the ssDNA that emanates from the helicase domain could interact with the DNA-binding sites of the NTD collar in the process of DNA translocation. Due to the spiral conformation of ssDNA in the E1 helicase, it is also likely that the sequence of ssDNA interacting with three N-terminal DNA-binding sites is dependent on the righthanded helical arrangement of ssDNA in the CTD collar.
Taken together, we propose a model for the DnaB-like proteins where the ssDNA emanating from the C-terminal helicase channel binds to the N-terminal DNA-binding sites in a clockwise fashion. As shown in Figure 6 , GkDnaC binds to the replication fork and moves along the ssDNA in a 5 0 to 3 0 direction. Three ssDNA-binding sites are located in the N-terminal region of the GkDnaC. In step I, the ssDNA of the replication fork is passed through the hexameric channel. The ssDNA adopts a spiral conformation to interact with the DNA-binding surface of the C-terminal region of the hexameric channel. At this stage, the ssDNA located at the N-terminal region is close to the ssDNA-binding site A. It has been shown that a high-affinity DNA-binding site is close to the Nterminal region of DnaB (43) . Thus, this site could allow ssDNA to bind, therefore creating a stable interaction and providing a basic track leading the ssDNA to move toward the position of DnaG primase. When the protein hydrolyzes ATP, this could provide the energy necessary to drive the sequential movement of helicase. Thus, the protein arrives at the state shown in step II, where the ssDNA in the N terminus of the protein approaches ssDNA-binding site B. The cycle of changes would repeat to progress from step II to step III. Consequently, the ssDNA emanating from the helicase domain remains in contact with at least one of the three ssDNA-binding sites in the N-terminal region at all stages in the process, providing increased stability for the ssDNA and accurately directing the ssDNA toward the DnaG primase.
We have solved the crystal structures of GkDnaC in the apo-form and in a complex with 15-mer-oligodeoxythymidylate ssDNA. In the complex structure, the hexamer consists of three positive electrostatic potential grooves on the interior surface of the helicase ring, and each of which encircles one ssDNA molecule. This ssDNA-binding pocket may guide the ssDNA toward the DnaG primase to synthesize short RNA primers. We also demonstrated by mutagenesis studies and SPR analysis that several key residues surrounding the ssDNA-binding pocket play critical roles in DNA binding and stabilization. In summary, we provide the first ssDNA-bound structure of a eubacterial hexameric ring helicase and propose a possible model for the mechanism of DNA translocation in the replication fork. 
